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and transduce signals from the extracellular milieu (Singla and Reiter, 2006) . These cellular 48 antennae are intimately linked to the cell cycle, and barring rare instances (Paridaen et al., 2013; 49 associated proteins were validated as up-regulated in quiescent myoblasts (Fig. S1B ). Together, 114 these findings suggest a previously unreported induction of a ciliary transcriptional program in 115 skeletal muscle myoblast quiescence. 116
To investigate whether the transcriptional induction of ciliary genes is accompanied by the 117 elaboration of primary cilia in G0 myoblasts, we used immunofluorescence analysis. C2C12 118 myoblasts grow asynchronously in adherent culture and can be triggered to enter reversible arrest 119 061119 5 (quiescence/G0) by culture in suspension, where deprivation of adhesion leads to cessation of 120 cell division (Milasincic et al., 1996; Sachidanandan et al., 2002) . G0 is rapidly reversed upon re-121 plating onto a culture surface, wherein cells synchronously re-enter the cell cycle. In actively 122 proliferating cultures, 24% of cells were found to be ciliated (Fig. 1A, B ). This population 123 heterogeneity is consistent with the asynchronous distribution in different cell cycle phases and 124 the extension of primary cilia only during a restricted window of the cell cycle, in G1/G0. 125 Suspension-arrested myoblasts showed an increase in ciliation with ~60% of G0 cells marked by 126 primary cilia, which is reversed upon reactivation into the cell cycle, wherein the frequency of 127 ciliated cells returned to 23% within 24 hrs (Fig. 1A, B ). In addition, G0 cells showed an 128 increased average ciliary length: 70% of cilia were > 2 μ m (Fig. 1C ). By contrast, proliferating 129 cells display shorter cilia: only ~30% of cilia were > 2 μ m (Fig. 1C ). 130
To establish the dynamics of cilium acquisition during cell cycle exit, we isolated cells at 131 different time points after induction of quiescence and stained for acetylated-tubulin. Cells 132 showed a rapid increase in ciliation during the early stages of quiescence entry to reach a 133 maximum of ~60% ciliated cells at 24 hrs post suspension, after which there was little change 134 ( Fig. 1D ) until the time of harvest (48 hrs). The increase in ciliated cells correlates with the loss 135 of markers of proliferation Ki67 and Cyclin A2, and induction of the growth arrest-specific 136 (GAS) gene PDGFRα (Schneider et al., 2005) ( Fig. S2 ). We also analyzed the dynamics of 137 cilium loss during reactivation out of G0, and observed a rapid and complete loss of primary cilia 138 within 30 minutes of re-plating. With progression past the G0-G1 transition (6 hrs) and entry into 139 S phase (12 hrs), the frequency of ciliated cells gradually increased, reaching ~20% at 24 hours 140 post re-plating ( Fig. 1E ), by which time the culture resembles a pre-quiescent population of 141 asynchronously proliferating myoblasts ( Fig 1B) . These results establish that as in other cell 142 types, quiescence in myoblasts is associated with a reversible extension of longer cilia on a larger 143 proportion of cells than observed in proliferating cultures. The increased frequency and length of 144 cilia in G0 myoblasts, and the rapid loss of ciliation within minutes of reactivation supports the 145 notion of the cilium as an inhibitory influence on cell cycle re-entry and progression, as Myoblasts exit the cell cycle irreversibly during myogenic differentiation. We used 150 immunofluorescence analysis to establish the status of ciliation during entry into terminal arrest. 151
By contrast to reversibly arrested myoblasts, terminally differentiated myotubes lacked primary 152 cilia ( Fig. 1F ). However, we observed a transient phase of ciliation in early differentiating 153 cultures prior to myoblast fusion, with a steady increase in the frequency of ciliated cells from as 154 early as 6 hrs in differentiation medium, to a maximum of 53% observed at 24 hrs. High levels of 155 ciliation were still observed at 48 hrs when fusion of myoblasts into myotubes was evident ( Cultures triggered for myogenic differentiation yield a heterogeneous population: at 5 days 167 post serum withdrawal, while ~80% of nuclei may be found in multinucleated myotubes, the 168 remaining ~20% constitute mononuclear "reserve cells" (Yoshida et al., 1998), a pool of 169 quiescent undifferentiated cells that retain the ability to re-enter the cell cycle if proliferative 170 conditions are restored (Abou-Khalil et al., 2013). We separated out the mononucleated 171 (undifferentiated) fraction from differentiating cultures and verified that these cells do not 172 express Myogenin (Fig. S3 ). As seen in suspension-arrested G0 myoblasts, ~50% of unfused 173 reserve cells are ciliated ( Fig. 1J) 
Abrogation of ciliary extension leads to loss of canonical features of quiescence 190
Ciliary extension critically depends on intra-flagellar transport (IFT), the process by which 191 material is transported on stable microtubule tracks in the cilium core. IFT is regulated by a 192 number of genes, primarily encoding motor proteins and adaptors that link cargo to the 193 cytoskeleton (Hao and Scholey, 2009). Since ciliary extension was triggered in myoblasts early 194 after receiving cues for cell cycle exit, we postulated that the primary cilium is involved in the 195 regulation of cell cycle exit programs and cell fate determination. To explore this connection, we 196 investigated the ability of cells to enter G0 when ciliogenesis was blocked by siRNA-mediated 197 suppression of a key anterograde transport protein IFT88. siRNA treatment resulted in a 60% 198 reduction in the mRNA levels ( Fig. 2A ) and a 92% reduction in protein levels of IFT88 (Fig. 199 2B), compared to control. Knockdown of IFT88 led to significant suppression of ciliogenesis 200 ( Fig. 2C, D) . Interestingly, we observed a stage-specific effect of cilium knockdown. Contrary to 201 earlier reports where blocking ciliogenesis in HeLa cells results in hyper-proliferation (Robert et 202 al., 2007) , cilium knockdown in myoblasts under growth conditions, did not lead to increased 203 proliferation, as evidenced by unchanged frequencies of Ki67 + cells ( Fig. 2E ). However, when 204 knockdown cells were triggered to enter quiescence, we observed an increased frequency of 205 Ki67 + cells compared to control cells ( Fig. 2F ). Knockdown populations also showed a 206 decreased frequency of cells expressing the quiescence marker, p27 ( 
Transcriptome profiling reveals a stage-specific cell cycle block in IFT88 knockdown cells 212
To determine the scale of changes that contribute to the altered quiescent state, we used 213 global transcriptome profiling. Proliferating myoblasts (MB) were transfected with either IFT88 214 siRNA or a non-targeting control siRNA following which cells were transferred to suspension 215 culture for 48 hours to induce quiescence (G0) and subsequently reactivated for 2 hours by re-216 plating (R2). Affymetrix microarrays were queried with RNA isolated from cells in these three 217 different states and a comparative analysis was performed between control and knockdown 218 samples for each cell state. 219
The transcriptional profile of IFT88KD myoblasts was consistent with the stage-specific 220 cell cycle phenotype observed and showed maximum shifts from the profile of control cells at 221 conditions of G0 ( Fig. 3A 
G2. 255
To resolve the paradox of increased proliferative gene expression in cells displaying a non-256 proliferative phenotype, we analysed the expression levels of selected G2/M candidate genes that 257 were up-regulated in knockdown cells. Control G0 cells showed 50-500 fold lower expression of 258 transcripts encoding G2/M regulators AurA, Bub1, Cdc20, CenpF, FoxM1, Mcm3/5, and Plk4 259 compared to proliferating MB. Although there is increased expression of these G2/M marker 260 genes in IFT88KD cells, the levels of these transcripts are still significantly lower than those 261 observed in proliferating cells (10-50 fold lower) ( Fig. 3G ), suggesting that overall, the 262 magnitude of altered expression may not achieve a threshold required for functional progression 263 through G2 into M. Furthermore, GSEA analysis also revealed that the up-regulated genes in 264 IFT88KD cells were involved in cell cycle checkpoints, in particular G2/M checkpoints 265 involving DNA damage and mitotic spindle assembly, functions associated with the centrosome. 266
Collectively, these results show that ablation of ciliogenesis leads to deviation from a canonical 267 quiescence program, resulting in cells that are blocked at G2 rather than at G0, as defined by 268 their transcriptional profile. 269
The second signature of up-regulated genes in IFT88KD cells represented myogenic 270 regulators and muscle structural genes. Since the cilium is transiently induced during early 271 differentiation and appears to be retained only in the minor population of non-differentiating 272 reserve cells, the induction of myogenic genes in IFT88KD cells suggests that loss of the cilium 273 content. Therefore, we evaluated the self-renewal capability in IFT88KD myoblasts post-282 quiescence using colony formation (CFU assay) and found that knockdown myoblasts showed 283 reduced CFU compared to control cells (Fig. 4A ). The kinetics of cell cycle re-entry were also 284 affected, with a significant decrease in EdU incorporation at 24 hours post re-plating ( Fig. 4B) . 285
Interestingly, similar to the cell cycle effect, this reduction in self-renewal is also stage-specific, 286 with no significant impairment in CFU formation in proliferating cultures (Fig. S6 ). These 287 results show that even though IFT88 is expressed in both proliferating and quiescent cells, 288 compromising its expression specifically in conditions where the cilium is normally elaborated 289 leads to decreased self-renewal ability, consistent with the failure to enter a canonical quiescence 290 program due to suppressed ciliary extension. 291 292
Myoblasts lacking cilia exhibit enhanced signaling activity 293
The cilium is a known sensory hub that harbors receptors for multiple signaling pathways 294 (reviewed in (Basten and Giles, 2013; Singla and Reiter, 2006) ). The enrichment of Wnt, Hh and 295 mitogen receptors in the cilium is thought to enable growth factor-induced reactivation out of 296 G0. In our culture model, quiescence is triggered by the abrogation of adhesion-dependent 297 signaling pathways (Dhawan and Helfman, 2004; Milasincic et al., 1996) . To elucidate the 298 mechanism by which suppression of the primary cilium contributes to an altered quiescent 299 program, we examined possible shifts in signaling cascades. Consistent with the notion of 300 aberrant signaling, GSEA analysis of IFT knockdown cells showed an enrichment of genes 301 related to cilium-dependent signaling pathways ( rpS6 did not show an increase in phosphorylation ( Fig 4G) , IFT88KD myoblasts showed an 323 increase in phosphorylation of 4E-BP1. 324
We next investigated whether the observed increase in the level of mTOR activity towards 325 4E-BP1 had phenotypic consequences i.e. increased translation. Indeed, we observed an 326 appreciable increase in levels of protein synthesis in IFT88KD cells, as evidenced by the 327 increased incorporation of OPP into newly synthesized proteins ( Fig 4H) . Taken together, this 328 data suggests that the loss of the cilium channels mitogenic signals leading to translational 329 control via one arm (4E-BP1) of the signaling pathway downstream of mTOR. 4E-BP1 330 phosphorylation has been shown to be specifically elevated during myogenic differentiation 331 (reduced adhesion or reduced mitogen availability), but prior to maturation of quiescent or 368 differentiated states, implying a role for the signaling hub in this cell fate decision. 369
Our data also indicate that primary cilia mark only those cells that exit the cell cycle 370 reversibly. Thus, in apparently homogeneous cultures induced to undertake myogenic 371 differentiation, the primary cilium may help to select a sub-population (reserve cells) that resists 372 differentiation cues and retains stem cell characteristics. We also observe heterogeneity in 373 ciliation status within quiescent populations, suggesting that not all cells entering quiescence are 374 equally capable of ciliogenesis. This may have implications for quiescent adult muscle stem 375 cells, where some evidence exists indicating a correlation between heterogeneity and different 376 propensities for activation (Collins et al., 2005) . In conjunction with the finding that primary Acrylamide gels, and transferred to PVDF membranes. The membrane was washed in 1X TBS 495 with 0.1% Tween20 (TBST) and blocked in 5% blocking reagent (5% w/v nonfat milk in TBST) 496
for 1 hour at room temperature, followed by incubation with primary antibody overnight at 4°C, 497 then washed in 1X TBS + 0.1% Tween for 10 mins each followed by incubation with secondary 498 antibody conjugated with HRP (Horse radish peroxidase) for 1 hour. After a brief wash with 499 TBS-T for 10 minutes, ECL western blotting detection reagent for HRP was used for 500 chemiluminescent detection using the ChemiCapt (Vilber Lourmat) gel documentation system. software. At least 10,000 cells were acquired for each sample. Forward scatter and side scatter 522 were used to gate cell populations and doublets were removed from analysis. 523 524
Analysis of p27 levels 525
A stable C2C12 line expressing a p27 sensor (p27-mVenus, a fusion protein consisting of 526 mVenus and a defective mutant of p27-CDKI, (p27K(-)) (Oki et al., 2014) was generated, 527 transfected with either control or IFT88 siRNAs, and placed in suspension arrest. After recovery 528 from methyl cellulose medium, these cells were assayed for proportion of mVenus positive cells 529 by flow cytometry using a FACS Caliber cytometer (Becton Dickenson). CelQuest® software 530 was used for acquisition and FlowJo® software was used to analyze the data. 531 532
EdU incorporation Assay 533
Cells to be analyzed for DNA synthesis were pulsed with 10 μ M EdU for 30 minutes, 534
washed in PBS and fixed as described earlier. Samples were stored in PBS at 4°C till further 535 processing. For staining, cells were permeabilized and blocked in PBS having 10% FBS and 536 0.5% TX-100 and labeling was detected using Click-iT® imaging kit (Invitrogen) as per 537 manufacturer's instructions. Samples were mounted in aqueous mounting agents with DAPI. 538
Images were obtained using the Leica TCS SP8 confocal microscope. Minimum global changes 539 in brightness or contrast were made, and composites were assembled using Fiji (ImageJ). 540
541

OPP incorporation Assay 542
Cells to be analyzed for protein synthesis were pulsed with 20μM OPP for 30 minutes, 543
washed in PBS and fixed as described earlier. Samples were stored in PBS at 4°C till further 544 processing. For staining, cells were permeabilized and blocked in PBS having 10% FBS and 545 0.5% TX-100 and labeling was detected using Click-iT® imaging kit (Invitrogen) as per 546 manufacturer's instructions. Samples were mounted in aqueous mounting agents with DAPI. 547
Images were obtained using the Leica TCS SP8 confocal microscope. Image intensity was 548 calculated using Fiji (ImageJ) software, and corrected mean intensity (CMI = total intensity of 549 signal -(area of signal × mean background signal)) was determined. 
